Abstract-In this paper, an impedance control is proposed for a robotic needle with a fiber optic force sensor. The fiber optic force sensor is placed at the tip of the needle to directly measure the interaction force between needle and soft tissue, overcoming the noise like friction force. The sensor is sensitive to the temperature condition, and their relationship is first established, and then used to compensate for the temperature influence to enhance the force measurement. An impedance control is presented based on insertion model whose impedance parameters are identified in terms of acquired test data, and experimental results show that the control strategy is effective to avoid excessive insertion force, reducing the risk of robotic needle.
I. INTRODUCTION
Needle is frequently used in biopsy [1] , local anesthesia and brachytherapy [2] [3] . Needle puncture has the advantage of small trauma and less recover time. Robotic needle is recently introduced to minimally invasive surgery due to high accuracy and stability [4] . Nevertheless, lacking tactile force information makes it difficult to control and result in inevitable risks. Therefore, it is vital to collect the interaction force between puncture tip and tissue and provide sufficient accuracy and speed simultaneously to control the robotic needle [5] [6] .
A fiber optic force sensor is designed based on Fabry-Perot interferometry and integrated in puncture needle tip. It measures the force at the tip of needle. The interaction force between puncture needle tip and tissue is the valuable information which may be used to distinguish the tissue types and boundaries. Besides, surgeon can use this force information to evaluate tissue lesions and choose better insertion path. But, the fiber optic force sensor is sensitive to the temperature condition, and the relationship between temperature and insertion force need to be calibrated. Temperature leads to the contraction of the FP cavity of the fiber optic force sensor. The force sensors attached at the distal end of needle measure the total force of puncture force, cutting force and friction force [7] . The fiber optic force sensor is able to directly measure the cutting force at the tip of needle. Robotassisted needle insertion is difficult to control because of the complicated soft tissue and needle interaction characteristics.
Biological soft tissue is an elastic material and has the characteristics of nonlinearity, anisotropy, quasiincompressibility and viscoelasticity [8] [9] . To improve safety and accuracy in robot-assisted needle insertion, a control strategy based on needle insertion interaction model and force characteristics was proposed in [10] . The impedance control is widely used to deal with uncertainties of system stiffness and damping parameters [11] . It is thus applicable to control robotic needle with unknown impedance parameters.
In this paper, a fiber optic force sensor is introduced, and the influence of temperature on the measurement accuracy is investigated first. The impedance parameters of the robotic needle insertion are then obtained in terms of acquired experimental data, and an impedance control is proposed to implement optimal force control at the needle tip.
II. FIBER OPTIC FORCE SENSOR

A. Fiber Optic Force Sensor Principle
An important component of FPI optical fiber sensor is FP cavity. The fiber optic force sensor measures the interaction force during inserting the tissue in terms of the deformation of FP cavity of sensor. The variation of detector signal reflects the change of the length of FP cavity caused by the interaction force. The measuring principle of fiber optic force sensor is based on Fabry-Perot interferometry. When a light beam transmits to the FP cavity of fiber optic force sensor, part of the light reflect at both flat-cleaved optic fibers. The reflection of two beams causes mutual interference on account of existing phase difference. Then, the reflected beam transmits from fiber to detector triggering the change of intensity [12] .
where I (r) represents the intensity of the back-reflecting light, I (i) is the intensity of the light emitted to the sensor, λ is the wavelength of the light beam, d represents the distance between the parallel fiber surfaces and R is the reflectivity of the flat-cleaved fiber tip [13] . 
B. Fiber Optic Force Sensor Design
The fiber optic force sensor is integrated in the tip of puncture needle, which can measure the interaction force between needle tip and soft tissue. The fiber optic force sensor meets the requirement of the miniaturization of minimally invasive instrument. Flat-cleaved optical fiber is inserted into the quartz from one side to the middle, another flat-cleaved optical fiber insert into the quartz from the other side to the middle. They are fixed on the tip of puncture needle by epoxy resin glue. The fiber optic force sensor is integrated to the tip of needle. The needle deforms when puncture force is applied, and the length of FP cavity changes, causing the intensity variation. Therefore, the relationship between the needle deformation and the force at the needle tip can be found by measuring the intensity signal. 
C. Force Sensor Calibration
The fiber optic force sensor is sensitive to the temperature condition. Temperature leads to the change of reflected light intensity. Here the temperature influence is investigated first, and then the correlation between the light intensity and the force is established.
1) The correlation between temperature and the intensity of the back-reflecting light
The fiber optic force sensor has high sensitivity, temperature has a vital impact on changing the distance between two parallel fiber surfaces. Consequently, figuring out the corresponding relationship between the reflected light intensity and temperature is crucial. During this process, the fiber optic force sensor has no pressure for testing the relationship between temperature and intensity separately. The fiber optic force sensor is put in the water of 62°C, the temperature of the water will descend until the temperature of water is equal to the temperature of indoor. Because of the inhomogeneous change of water, the intensity is variation uneven. However, the range of temperature between the two highest points is the same, the intensity changed with the temperature regularly. The following formula can show the relationship between temperature and intensity. 0 *sin(2 * ) 2 2
T T peak peak P k (2) where P represents the light intensity, T is the temperature, k is temperature change in a cycle, T 0 is the starting temperature of the sine curve, peak is the highest point of the sine curve. 2
) The correlation between the intensity of the light and the force
There is significant corresponding relationship between the reflected light intensity and the force. The numerous experimental data is collected for the calibration of fiber optic sensor. The needle hub force sensor and fiber optic sensor are fixed on the laboratorial platform during calibrating the sensor, as shown in Fig. 5 . The force of needle hub and needle tip is equal when puncturing a piece of solid iron. Therefore, the correspondence between the intensity of the back-reflecting light and force can figure out. The experimental data and fitting curve is shown as Fig. 6 .
The corresponding relationship between the light intensity and force is given by fitting processing. The fitting curve is the following formula, 
III. IMPEDANCE CONTROL STRATEGY
A. The Impedance Control of Robotic Puncture Ease
In the process of robot assisted puncture, the robot contacts the operation object directly. Therefore, the control process need not only position control but also force control. Impedance control is an important method for force control. The impedance control is compliance control by adjusting the dynamic relationship between the end effector position and contact force. The purpose of impedance control is to maintain the dynamic relationship between the contact force of the end effector and the environment through mediating the dynamic relationship between the speed and force of the robot [14] . The classical impedance control formula is as follow, M X B X KX F (4) where M is the inertia, B is the damping and K is the rigidity of the system .
The impedance model formula of robotic control is as follow [11] ,
where M d is the inertia of the system, which has great influence on high-speed movement with large acceleration or significant momentum. B d is the damping of the system, which has great influence on medium speed movement or strong interference, K d is the rigidity of the system, which has great influence on the slow motion in the equilibrium state. Ẍ is the acceleration, Ẋ is the velocity and X is the displacement of the robot. Ẍ d is the desired acceleration, Ẋ d is the desired velocity and X d is the desired displacement of the robot. F is the collected force data between robot and environment, F d is the desired force. In this paper, the F i-1 is a real-time adjusted experimental data. The impedance control model formula is as follow,
where Ẍ i-1 is the acceleration , Ẋ i-1 is the velocity and X i-1 is the displacement in i-1time. Ẍ i is the acceleration, Ẋ i is the velocity and X i is the displacement in i time. The implementation of impedance control method is based on the robot dynamics model, the effect is not ideal because of the error of the model parameters. It is extremely difficult to figure out the model parameters [15] . Robot impedance control application of force between the robot and the environment, position control, if the established system impedance model parameters can change with the environment in real-time adjustment, the control effect is obviously better than fixed parameters [16] .
B. The Control Model Parameters Identification of Impedance Control
The parameters of impedance model are critical and vital for impedance control method. The way which is used here to determine the parameters is based on experimental data. Experiments were conducted with pig liver (ex-vivo) and streaky pork to figure out their respective parameters. The experimental data is used to obtain the three unknown parameters, namely inertia, damping and rigidity.
In formula (4), the force, the acceleration, the speed and displacement can obtain by experimental data and the speed is not a definite value which remains variation during the process of puncture. The inertia, damping and rigidity can be calculated by numerous experimental data.
The experimental data was collected in the process of puncturing the pig liver. The force can be broadly divided into two phases, boundary displacement phase, insertion phase. The liver cutting process was comprised of a deformation phase followed by a crack growth phase [17] .The boundary displacement phase starts when the needle comes into contact with the tissue boundary, and ends when the tissue boundary is breached. During this phase, the tissue boundary moves with the needle, the needle does not penetrate the tissue. The inertia of liver membrane is 0.0882, the damping of liver membrane is 0.1890 and the rigidity of liver membrane is 0.3311.The insertion phase starts when the tissue boundary is breached, and ends when the needle is stopped or when a new tissue boundary is encountered. During this phase, the contact area between tip and tissue remains more or less constant [18] .The contact area between shaft and tissue increases as the needle is advanced. There are some fluctuations due to rupture, depending on the level of inhomogeneity [19] . The inertia of liver membrane is 0.1636, the damping of liver membrane is 0.2649 and the rigidity of liver membrane is 0.0688. These phases may be repeated when the needle encounters internal structures or variations in tissue properties [7] . Therefore, the inertia, damping and rigidity of streaky pork could be figured out through the collected data. Using these parameters, the fitting curve can be figured out. The following figure is the correspondence between the fitting curve and the experimental data of force in the process of puncturing pig liver. The impedance parameters of human tissue can be determined by using the same way. 
IV. INSERTION EXPERIMENTAL RESULTS
A. Robotic Needle System
The robotic needle system comprises of the robotic needle, the fiber optic force sensor, the phantom table, and a computer, as shown in Fig.8 [20] . The fiber optic force sensor is integrated in the robotic needle. The fiber optic force sensor can measure the force between needle tip and soft tissue when the robotic needle punctures soft tissue. The computer is used to control the robotic needle and monitor the signal of force.
Control system plays an essential role in the impedance control experiment which controls the speed of robot. Therefore, a software interface is set up to make the humancomputer interaction more convenient. Through the control interface, the operator can control the mechanical arm forward, backward and pause when encounters emergency. Puncture distance and initial speed can be set through software interface. Controlling the robot moving as the control strategy is another important function. The speed of puncture changes with the feedback information through impedance control methods. 
B. Experimental Results
In the process of robot-assisted percutaneous puncture, robot needle and soft tissue contact directly, merely position control can't complete the task of puncture, controlling the force between the robot and the operation object is necessary to conform to the contact constraint, impedance control can control the robot in the uncertainty environment to adapt to the movement. Impedance control is a method that controls the robot end effector and the soft tissue. The theory of impedance control is that the dynamic relationship is established between the force of robot end effector and position deviation and speed deviation, changing the displacement and speed is the method of controlling the robot end force. The difficulty of robot impedance control lies in the unknown parameters of the stiffness, damping, inertia. In this paper, the method computes these parameters through the acquisition of the experimental data. Therefore, impedance control model is established after the parameters determined.
The experiments were performed with layered pork tissue. During the progress of puncturing, the consequences of impedance control method are as follow. The force of needle tip is shown as Fig.10 , the actual speed of puncturing is shown as Fig.11 , the distance information is shown as Fig.12 . Through the analysis of impedance control methods, we can get some conclusions. The force of needle tip is converted from signal that collected by optical fiber force sensor. During the puncture progress, the speed increases when the force decreases, which leads to the force augments. Speed decreases when the forced is greater, which causes force diminution. The feedback of information, such as force, displacement, speed, determines the speed of the next moment. The relationship between puncture distance and time is not linear. The picture of the force of needle tip and puncture speed reveals that puncture speed decreases as the force of needle tip increases. Therefore, impedance control can avoid excessive puncture force and ensure the safety of surgery. The impedance control is a feasible method in robot assisted surgery.
V. CONCLUSION
An impedance control is put forward for a robotic needle with a fiber optic force sensor. The fiber optic force sensor is integrated with a puncture needle to directly measure the interaction force between needle and soft tissue, overcoming the noise like friction force. The influence of temperature on the sensor cannot be ignored, therefore, the fiber optic force sensor is calibrated to eliminates the impact of temperature. The correlation between temperature and the intensity is established to compensate for the temperature influence to enhance the accuracy of measurement. The impedance control is feasible in the puncture process whose impedance parameters are identified according to the experimental data. Through the analysis of experimental consequence, the conclusion is that control strategy is effective to avoid excessive insertion force for the purpose of reducing risk and ensuring safety.
